Introduction

37
Musical training is associated with better pitch encoding and perception (for review see (1)). In music,
38
pitch is the quality that most strongly defines the perception of the melodic contour. Each note in a 39 melody has a pitch that is related to the lowest frequency of an instrumental sound, called the fundamental 40 frequency (F0). The perception of pitch, however, is not only evoked by musical sound, but can emerge 41 from a wide variety of acoustic components (for review see (2)). A classic way to determine someone's 42 pitch perception ability is by measuring the smallest perceptible pitch change from a center frequency, 43 called a difference limen for frequency (DLF) (3, 4) . In general, normal-hearing listeners can perceive a 44 change in as little as 2-3 Hz from a center frequency under optimal listening conditions (5). Musicians can 45 detect even smaller pitch changes, sometimes so minute that the change is undetectable by otherwise 46 normal-hearing non-musicians (2, 6, 7). Not surprisingly, increased acuity in musicians is not limited to musical sounds, but extends to perception and processing of speech (8), non-speech ((6) for review (9)) 48 and non-native language sounds (10).
49
A prevalent hypothesis is that musical training improves auditory encoding mechanisms that give rise to 50 pitch perception. However, the auditory system utilizes several mechanisms to encode pitch-related 51 acoustics and it is unclear which ones are most improved with music training. One way the auditory 52 system works is by representing the "temporal code" of a stimulus in which auditory neurons phase-lock,
53
firing at a rate that matches the period, or frequency inverse, of a sound (for review see (11)). During 54 temporal encoding, sounds trigger networks of neurons to compute and extract temporal patterns that can 55 give rise to pitch perception (12, 13) . Music practice and performance could activate and strengthen the 56 temporal synchrony of these networks, thereby improving representation and higher-order computation 57 acuity. Another mechanism to encode pitch, called "place code", functions such that different frequencies 58 activate discrete regions of the inner ear and subsequent nuclei, producing a tonotopic map of frequencies 59 at each processing station (for review, see (14)). For example, the perception of pitch rises as the region 60 of maximal activation on the basilar membrane moves closer to the base of the cochlea. Music training could generate more precise and definite tonotopic maps due to top-down modulation induced by the 62 increased prevalence and relevance of sounds in the musician's environment (15) (16) (17) . Finally, a pitch 63 perception can be generated by presenting different sound components to each ear, creating a dichotic 64 (binaural) or combined estimation of the sound's pitch (18, 19) . Although the music-related mechanistic 65 hypotheses are less prevalent for dichotic plasticity, it is reasonable to suggest that music training could 66 increase the accuracy of communication between the left and right ears, particularly during azimuth 67 (horizontal) localization tasks such as identification of instruments in an orchestra (20). To encode sound, 68 the auditory system will use or integrate information gathered from each encoding strategy presented 69 above, depending on what acoustic features are present in the stimulus.
70
The working hypothesis that motivated this study was that music training engenders plasticity in specific 71 auditory encoding mechanisms. Particularly, we posited that sounds reliant on temporal encoding would 72 be impacted the most because playing music requires considerable focus on sound timing. To test this, we 73 measured DLFs in musicians and non-musicians using four different types of sounds with different pitch-74 related acoustics ( Fig. 1) . Creation of the sounds was inspired by work describing how different degrees 75 of temporal, place and dichotic encoding mechanisms can be elicited in the auditory system (21). In order 76 to assess musical skill, all participants took an online musical test for pitch, melody and timing 77 measurements and filled out a questionnaire that probed duration of musical training and subjective self-78 reports of musical skill and listening habits.
79
Materials and Methods
80
PARTICIPANTS: 38 individuals with audiometric thresholds within normal limits (<25dB HL for 0.25, 81 0.5, 1, 2, 3, 4, 6 and 8 kHz) and no history of neurological disorders participated in the study. Previous 82 research has shown that music-related brain plasticity is most effective when people begin playing music 83 early, continue, and are currently practicing (22) (23) (24) . Therefore, subject inclusion criteria in the Musician
84
(MU) group included 1) self-identification as a musician via questionnaire and reported current 85 involvement in musical activities, 2) self-report of music training initiation before high school (e.g. before grade 9, age 14-15) and 3) a total of at least 5 years in formal music education. 20 subjects fulfilled the 87 criteria for MU group inclusion, with the remainder 18 subjects grouped into Non-musicians (NM).
88
Group characteristics of age, music education, self-ratings and objective measures of musical skill (i.e.
89
online aptitude test, for description see below) are presented in Table 1 .
91
STIMULI. Sounds were 300 ms in duration, with two 60-ms raised cosine ramps for onset and offset.
92 Figure 1 shows time waveforms (left panels) and frequency spectra (right panels) for the 440 Hz
93
(standard) stimuli used in the study. 440 Hz was chosen because it is a familiar musical note (A4) that 94 elicits strong phase-locking.
95
In order to test binaural mechanisms, we created a dichotic pitch (DP) stimulus, often called "Huggins' 96 pitch," which consists of dissimilar right and left inputs to make a dichotic estimation of a sound's pitch (18, 19) . DP stimuli were created with the Binaural Auditory Processing Toolbox for MATLAB8 using a 98 transition width of 16%. DP sounds were made of white noise, diotic at all frequencies except for a 99 narrow band at the F0 (440 Hz), over which the interaural phase transitioned progressively through 360°.
97
100
Individuals were familiarized with DP perception through five online Demonstrations
101
(https://web.stanford.edu/~bobd/cgi-bin/research/dpDemos/). Self-reported music education, music skill and listening frequency measures obtained via questionnaire and are reported in years. Only 8 Non-musicians had previous music education. Self-reported music skill was rated on a scale from 1-9, with 1 being "novice" and 9 denoting "professional". Music listening frequency was rated on a scale from 1-9 with 1 being "never" and 9 "all the time". Melody, Timing, Pitch and Average/Total musical skill scores obtained via online aptitude test (www.brams.org) and are reported in percent correct. Figure 
105
Pure Tone, C. Iterated Rippled Noise with a 64 iteration of delay and add at 1/440 s. D. Complex tone 106 with three overtone harmonics
107
In contrast, a pure tone (PT), shown in panel B of Figure 1 is the product of a sinusoidal function.
108
Sinusoids are thought to be encoded by place code mechanisms because they elicit narrow bands of 109 maximal activation at specific places in the tonotopic map of the cochlea. At lower frequencies (<~2 kHz) 110 elicit additional phase-locked temporal codes at the frequency's period. Pure tones consisted of sinusoids 111 at a fundamental frequency (F0) of 440 Hz, chosen.
112
We also tested an iterated noise (IRN) stimulus which evokes a pitch perception that is primarily reliant 113 on temporal information (25) (26) (27) . IRN stimuli, shown in Figure 1C , were created from Gaussian 114 broadband noise filtered from 80-3000 Hz with 64 iterations of delay and add durations at the inverse of 115 the F0 (440 Hz). The temporal regularity imposed on broadband noise gives rise to the perception of pitch 116 despite low spectral content.
117
Finally, we used a complex tone with three harmonic overtones (CT), which most closely resembles the 118 sound a musical instrument makes and relies on a combination of place and temporal codes. Complex 119 tones ( Fig. 1D) 
168
Group means show that musicians had lower thresholds for each sound type category (Fig. 2 , Supp. Table   169 1). Bar graphs in Figure 2 
185
Examination of group means showed that threshold variance is smaller in MU than NM in the DP and PT 186 condition (Supp. Table 2 ).
187
Relationships between pitch discrimination thresholds, self-reports and musical aptitude measures 188
Pearson's correlations show that better discrimination thresholds are associated with a higher self-report 200 musical skill (scaled between 1-9, with 1 being novice, 9 professional). Higher self-report is associated The canonical discriminant function showed a significant association between groups and variables;
212
Wilks' Lambda=0.145, Chi-square=60.800, p<0.001, accounting for 85.5% of the between-group 213 variability. Examination of the discriminant loadings (Table 4 ) showed three significant predictors (i.e.
214
>0.3), namely SR Musical Skill (.811) and PT DLF (-.343), and BRAMS Avg./Total score (.301). The
215
weakest predictor was IRN DLF (-.169). Cross-validated classification showed that overall, 89.2% of the 216 subjects were correctly classified into MU and NM groups. It should be noted that log determinants of 217 this analysis showed large differences and Box's M was significant, suggesting that the assumption of 218 equality of covariance matrices was violated. However, this problem is somewhat allayed given that 219 normality is not a critical assumption for discriminant analysis.
220 Discussion
221
We have answered two main questions in this study: 1) Are musicians better at perceiving specific pitch- 
229
To answer the first question, DLF data were subjected to a RMANOVA with four within-subject factors 230 of sound type and two between-subject factors of group. Results showed group differences across all 231 sound types, with the greatest differences for dichotic and pure tone stimuli. These data refute our initial 232 hypothesis that pitch-related temporal encoding mechanisms would be most impacted by musicianship;
233 instead suggesting that music-related plasticity is not restricted to types of pitches. The greatest difference 234 between Musician and Non-musician discrimination thresholds in the dichotic condition suggests that higher-order mechanisms, such as those requiring a combination of sound across the ears, are greatly 236 impacted by musical training.
237
Several hypotheses could reasonably explain our findings. One hypothesis is that mechanisms of music-238 related brain plasticity are not restricted to place or temporal code encoding mechanisms in peripheral or 239 brainstem nuclei (11), but may also occur cortically (12), or at least beyond the superior olive where 240 dichotic sounds first combine. Unfortunately, our current data do not permit further elucidation on the 241 veracity of this postulate because we do not have encoding data to test brainstem and cortical plasticity 242
specifically. An alternative hypothesis is that playing music sharpens one's ability to extract pitch 243 percepts in conditions where the pitch strength is less salient, such as the dichotic and iterated rippled 244 noise conditions. If this hypothesis were true, we might expect that the largest differences between the 245 two groups would be in the least salient conditions. Whereas the largest threshold difference is in the 246 dichotic condition (less salient pitch), the second largest threshold difference is observed in the pure tone 247 condition, which has the most salient pitch strength. Although our data do not directly address the issue of 248 pitch strength, the fact that the largest differences are observed with both strong and weak pitch percepts 249 diminishes this hypothesis' likelihood. A third, big picture, hypothesis is that Musicians possess a greater 250 aptitude to learn the task than Non-musicians. If this were true, we would expect Musicians to learn the 251 task faster than Non-musicians. A post-hoc examination of the within-session change in threshold showed 252 that Non-musicians did have more variability, measured by standard deviation (Supp. but only in the pure and complex tone conditions. No significant differences were observed for within-or 259 between-subject comparisons of the within-session threshold change magnitude. Taken together, these together, the correlation data show that the ability to discriminate small pitch differences can be reflected 286 in global musical abilities and an individual's evaluation of their own musical aptitude. This implies that 287 sensory thresholds for pitch discrimination underlie, at least in part, one's musical ability and self-288 appraisal of that ability. Furthermore, relationships between sensory threshold for pitch and more broad 289 measures of musicianship are not restricted to a specific mechanism of pitch processing.
290
The Discriminant Analysis allowed us to detect the degree to which our variables discriminate between
291
Musicians and Non-musicians. The variables that contributed most to the predictions of group 292 membership were 1) Self-report of musical ability on a scale of 1-9, 2) Pure Tone DLFs and 3) BRAMS
293
Avg./Total score. While the relationship between pure tone perception, musical aptitude and musicianship 294 is well established, the contribution of a self-report variable is novel as far as the authors' knowledge.
295
Here, we show that self-evaluation of musical competence can be meaningfully applied to classify groups 296 and is related to objective measures of music and perceptual ability. Self-evaluation of competence, or 297 self-competence is defined as the sense of one's capacity. (31) Previous data on this topic show that 298 general self-competence is as associated with measures of cognitive ability such as IQ and academic 299 achievement measured by GPA. (32) Our data support the argument that self-evaluation of competence is 300 a meaningful measure of ability and outcomes (33) and extend into musicianship.
301
In addition to the finding of self-report as a meaningful measure, the discriminant analysis showed 302 common characteristics of musicians include psychoacoustic, musical and self-evaluated abilities. This
303
gives rise to the notion that all three areas may interact to define a person who is talented or skilled in 304 music. It is interesting to note that the self-reported music listening scale did not distinguish between 305 groups. This supports several lines of research showing that active music-making, rather than listening 306 alone, is a catalyst for brain plasticity and internalized perceptual change (23, 34, 35) .
307
In conclusion, this study sheds light on several aspects of musicianship. First, we show that the influence 308 of musicianship is not limited to pitch judgements involving monotic/diotic mechanisms but also includes 309 those that rely on dichotic integration. Second, our data show that basic perceptual thresholds are related Faculty Research Committee.
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